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[57] ABSTRACT

A heterojunction field-effect transistor includes a first
electron transit channel formation semiconductor laver
formed on a substrate and consisting of a compound
semiconductor, a first electron supply semiconductor
layer formed on the first electron transit channel forma-
tion semiconductor layer and consisting of a compound
semiconductor, a gate electrode, a source electrode. and
a dramn electrode formed on the first electron supply
semiconductor laver, and a second electron transit
channel formation semiconductor laver formed be-
tween the substrate and the first electron transit channel
formation semiconductor laver. The second electron
transit channel formation semiconductor laver consists
of a cmpound semiconductor which has electron affin-
ity smaller than that of the first electron transit channel
formation semiconductor laver and larger than that of
the first electron supply semiconductor layer, and is
different from the first electron transit channel forma-
tion semiconductor layer in field strength position
where a maximum value of an electron velocity 1s ob-
tained. and 1s arranged such that an energy level on a
bottom of an electron conduction band of the second
electron transit channel formation seimconductor laver
1s substantially the same as a Fermi level.

9 Claims, 5 Drawing Sheets
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HETEROJUNCTION FIELD-EFFECT
TRANSISTOR

BACKGROUND OF THE INVENTION 5

-

The present invention relates to a heterojunction
field-effect transistor.

A heterojuncnion field-effect transistor 1s one of vari-
ous types of conventionally developed high-speed tran-
S1Stors. 10

This conventional heterojunction field-effect transis-
tor has, for example, an arrangement as shown in FIG.
9.

Referring to FIG. 9. this transistor employs a semi-
insulating semiconductor substrate 1 consisting of a |
compound semiconductor such as InP, and a buffer
semiconductor laver 2, which consists of a compound
semiconductor such as InAlAs and 1s intentionally not
doped with either an n- or p-type impurity or is doped
with either impurity at only a sufficiently low concen- 20
tration. 15 formed on the semiconductor substrate 1. A
channel formation semiconductor laver 3, which con-
sists of a compound semiconductor such as InGaAs
having electron affinity larger than that of the buffer
sermniconductor layer 2 and is intentionally not doped
with either an n- or p-type impurity or i1s doped with
either impurity at only a sufficiently low concentration,
1s formed on the buffer semiconductor laver 2.

An electron supply semiconductor laver 5. which
consists of a compound semiconductor such as InAlAs 30
having electron affinity smaller than that of the channel
formation semiconductor layer 3 and i1s doped with an
n-type impurity at a high concentration, is formed on
the channel formation semiconductor laver 3 via a
spacer semiconductor layer 4. The spacer semiconduc-
tor layer 4 consists of a compound semiconductor such
as InAlAs having electron affinity smaller than that of
the channel formation semiconductor laver 3. and is
intentionally not doped with either an n- or p-type im-
purity or 1s doped with either impurity at only a suffi- 40
ciently low concentration.

An electrode mounting semiconductor layer 6, which
consists of a compound semiconductor such as InGaAs
and 1s doped with an n-type impurity at a high concen-
tration. 1s formed on the electron supply semiconductor 45
layer 5. A window 7 for externally exposing the elec-
tron supply semiconductor laver 5 i1s formed in the
electrode mounting semiconductor layer 6.

A gate electrode 8 i1s arranged on a region of the
electron supply semiconductor layer §, which corre- 50
sponds to the window 7 of the electrode mounting semi-
conductor layer 6, so as to form a Schottky junction 9.
On the electrode mounting semiconductor layer 6, a
source electrode 10 and a drain electrode 11 are ar-
ranged on the left and right sides of the window 7 and 55
therefore the gate electrode 8 so as to be in ohmic
contact with the electrode mounting semiconductor
layer 6.

According to the conventional heterojunction field-
effect transistor having the above arrangement, elec- 60
trons are supplied {from the electron supply semicon-
ductor laver 5 to the channel formation semiconductor
layer 3 through the spacer semiconductor laver 4, so
that an electron gas layer 13 1s formed in a region of the
channel tformation semiconductor layer 3, which is lo- 65
cated on the side of the spacer semiconductor layer 4.

When a control voltage 1s applied to the gate elec-
trode 8 with respect to the source electrode 10 such that
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the voltage 1s superposed on a bias voltage sufficient 1o
allow a depletion layer 1o expand {from the Schottky
junction 9 toward the semi-insulating semiconductor
substrate 1 to reach or almost reach the heterojunction
between the spacer semiconductor laver 4 and the chan-

nel formation semiconductor layer 3. the concentration
of electrons in the channel formation semiconductor
layer 3 according to electrons in the electron gas laver
13 1s controlled in accordance with the value of the
control voltage.

Bv, therefore, connecting a predetermined power
source having a positive terminal on the drain electrode
11 side between the source electrode 10 and the drain
electrode 11 via a load. a current corresponding to the
controi voltage can be supplied to the load to realize the
function as a field-effect transistor.

In the conventional heterojunction field-effect tran-
sistor as shown in FIG. 9, however, since only one
electron gas laver 13 1s formed in the channel formation
semiconductor laver 3 upon supply of electrons from
the electron supply semiconductor laver 5, an average
electron concentration in the channel formation semi-
conductor layver 3 cannot be sufficiently increased.
Therefore. a current value to be supplied to the load
cannot be increased.

In addition, when the conventional heterojunction
field-effect transistor as shown in FIG. 9 achieves the
function as a field-effect transistor described above, the
field strength in a region of the channel formation semi-
conductor laver 3, which 1s located below the gate
electrode 8, gradually increases from the end of the
region located on the side of a region below the source
electrode 10 toward 1ts other end located on the side of
a region below the drain electrode 11. However, in a
compound semiconductor such as InGaAs constituting
the channel formation semiconductor laver 3, the veloc-
1ty of electrons which transit in the semiconductor
shows a field strength dependency having 2 maximum
value at a lower field strength position, as shown 1n
FI1G. 3. Therefore, a comparatively high electron ve-
locity can be obtained 1n the portion of the region of the
channel formation semiconductor layer 3, which is lo-
cated below the gate electrode 8 and on the side of the
region below the source electrode 10, whereas only a
comparatively low electron velocity can be obtained in
the portion of the region of the channel formation semi-
conductor laver 3, which 1s located below the gate
electrode 8 and on the side of the region below the drain
electrode 11. For this reason, the average velocity of
eiectrons transiting in the channel formation semicon-
ductor layer 3 1s comparatively low. As a result, no
good high-frequency characteristics as a field-effect
transistor can be obtained.

Furthermore, in the conventional heterojunction
field-effect transistor shown in FIG. 9, a narrow gap 12
1s generally formed between the gate electrode 8 and
the electrode mounting semiconductor layer 6 for the
following reason. That is, a portion of the gate electrode
8, which 1s in direct contact with the electrode mount-
ing semiconductor layer 6 doped with an n-type impu-
rity at a high concentration, exhibits not Schottky char-
acteristics but ohmic characteristics. Therefore, a gate
leakage current flows directly from the gate electrode 8
to the electrode mounting semiconductor laver 6 to
make 1t impossible to control the two-dimensional elec-
tron gas 13 in the channel formation semiconductor
layer 3. The gap 12 1s formed to avoid this inconve-
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nience. However, the surface potential of the gap 12
easily changes because it is exposed to the atmosphere.
chemicals, a plasma, and the like during the manufac-
ture of a heterojunction field-effect transistor. In addi-
tion, the presence of the gap 12 allows the depletion
layer below the gate electrode 8 to expand to a region
below the gap 12, thereby reducing the concentration of
the two-dimensional electron gas 13 in a region of the
channel formation semiconductor laver 3 below the gap
12. This increases the source resistance and the drain
resistance of the heterojunction field-effect transistor to
significantly degrade its device characteristics. A de-
gree of this reduction largely varies in accordance with
the manufacturing steps of a heterojunction field-effect
transistor, or the reduction significantly degrades stabil-
ity of the device characteristics even after the transistor
1s manufactured.

The conventional heterojunction field-effect transis-
tor shown in FIG. 9 must have a threshold voltage Vy,
determined by the type of a circuit using this hetero-
junction field-effect transistor. When this threshold
voltage 1s applied to the gate electrode 8 with respect to
the source electrode 10. a field strength E; in the
Schottky junction 9 is given by E,=2(Vy—V)/d
where d 1s the thickness of the electron supply semicon-
ductor layer 5 and Vy;is the built-in potential present in
the electron supply semiconductor layer 5. the spacer
semiconductor laver 4, and the channel formation semi-
conductor laver 3. In order to ensure the breakdown
voltage of the gate electrode, E;must be decreased to be
a predetermined value or less, which is determined by a
semiconductor material concerned. As is apparent from
the equation stated above, since E; is determined by
only d provided that V,;1s fixed, d cannot be decreased.
However. a transconductance g,, of the transistor is
given by gm =€Vs/d (Vs =electron velocity), and 1t 1s
impossible to increase the transconductance. Therefore,
it is difficult to improve the characteristics of the tran-
sistor while ensuring the gate breakdown voltage.

SUMMARY OF THE INVENTION

It is, therefore, a principal object of the present inven-
tion to provide a heterojunction field-effect transistor
having improved characteristics compared with those
of conventional heterojunction field-effect transistors.

It 1s another object of the present invention to pro-
vide a heterojunction field-effect transistor having im-
proved high-frequency characteristics compared with
those of conventional heterojunction field-effect tran-
S1S1OTS.

It 1s still another object of the present invention to
provide a heterojunction field-effect transistor having
stable device characteristics compared with those of
conventional heterojunction field-effect transistors.

It 1s still another object of the present invention to
provide a heterojunction field-effect transistor which
improves its characteristics while ensuring a gate break-
down voltage. |

In order to achieve the above objects of the present
invention, there is provided a heterojunction field-effect
transistor comprising a first electron transit channel
formation semiconductor layer formed on a substrate
and consisting of a compound semiconductor, a first
electron supply semiconductor layer formed on the first
electron transit channel formation semiconductor layer
and consisting of a compound semiconductor, a gate
electrode, a source electrode, and a drain electrode
formed on the first electron supply semiconductor
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layer. and a second electron transit channel formation
semiconductor laver formed between the substrate and
the first electron transit channel formation semiconduc-
tor laver, wherein the second electron transit channel
formation semiconductor laver consists of a compound
seniconductor which has electron affinity smaller than
that of the first electron transit channel formation semi-
conductor layer and larger than that of the first electron
supply semiconductor layer, and is different from the
first electron transit channel formation semiconductor
layer 1n field strength position where a maximum value -
of an electron velocity is obtained, and 1s arranged such
that an energy level on a bottom of an electron conduc-
tion band of the second electron transit channel forma-
tion semiconductor laver is substantiallv the same as a
Fermi level.

BRIEF DESCRIPTION OF THE DRAWINGS

F1G. 115 a schematic sectional view showing the first
embodiment of the heterojunction field-effect transistor
according to the present invention:

FIG. 2 1s a band diagram for explaining the first em-
bodiment:

FIG. 3 1s a graph showing an electron velocity
(X 107 cm/s) as a function of a field strength (kV/cm) in
a channel formation semiconductor laver and a second
electron transit semiconductor laver in the heterojunc-
tion field-effect transistor according to the present in-
vention shown in FIG. 1;

FIG. 4 1s a schematic sectional view showing the
second embodiment of the heterojunction field-effect
trarisistor according to the present invention:

FIG. 5 is a schematic sectional view showing the
third embodiment of the heterojunction field-effect
transistor according to the present invention: N

FIG. 6 1s a schematic sectional view showing the
fourth embodiment of the heterojunction field-effect
transistor according to the present invention;

F1G. 7 1s a schematic sectional view showing the fifth
embodiment of the heterojunction field-effect transistor
according to the present invention;

FIG. 8 1s a band diagram for explaining the fifth em-
bodiment; and

FIG. 9 1s a schematic sectional view showing a con-
ventional heterojunction field-effect transistor.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FI1G. 1 shows the first embodiment of the heterojunc-
tion field-effect transistor according to the present in-
vention. Referring to FIG. 1, in this transistor, a buffer
semiconductor layer 2, which consists of a compound
semiconductor such as InAlAs and is intentionally not
doped with either an n- or p-type impurity or is doped
with either impurity at only a sufficiently low concen-
tration, 1s formed on a semi-insulating semiconductor
substrate 1 consisting of a compound semiconductor
such as InP. A first electron transit channel formation
semiconductor layer 3, which consists of a compound
semiconductor such as InGaAs having electron affinity
larger than that of the buffer semiconductor layer 2 and
1s intentionally not doped with either an n- or p-type
impurity or is doped with either impurity at a suffi-
ciently low concentration. is formed on the buffer semi-
conductor layer 2 via a second electron transit channel
formation semiconductor layer 21 which is a character-
1stic feature of the present invention and will be de-
scribed in detail later.
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An electron supply semiconductor laver 5. which
consists of a compound semiconductor such as InAlAs
having eleciron athnity smaller than that of the channel
formation semiconductor laver 3 and 1s doped with an
n-type impurity at a high concentration. 1s formed on
the channel formation semiconductor laver 3 via a
spacer semiconductor laver 4. The spacer semiconduc-
tor laver 4 consists of a compound semiconductor such

as InAlAs having electron affinity smaller than that of

the channel formation semiconductor laver 3 and 1s
intentionally not doped with etther an n-or p-type impu-
rity or 1s doped with either impurity at only a suffi-
ciently low concentration.

An electrode mounting semiconductor layer 6, which
consists of a compound semiconductor such as InGaAs
and is doped with an n-type impurity at a high concen-
tration. 1s formed on the electron supply semiconductor
laver 5. A window 7 for externally exposing the elec-
tron supply semiconductor laver 5 1s formed in the
electrode mounting semiconductor layer 6.

A gate electrode 8 is arranged on a region of the
electron supply semiconductor laver 5. which corre-
sponds to the window 7 of the electrode mounting semi-
conductor laver 6. so as to form a Schottky junction 9.
On the electrode mounting semiconductor laver 6, a
source electrode 10 and a drain electrode 11 are ar-
ranged on the left and right sides of the window 7 and
therefore the gate electrode 8 so as to be in ohmic
contact with the electrode mounting semiconductor
layer 6.

The second electron transit channel formation semi-
conductor laver 21 as a characteristic feature of the
present invention is formed between the buffer semicon-
ductor laver 2 and the channel formation semiconduc-
tor laver 3. This semiconductor layer 21 consists of a
compound semiconductor such as InP. which has elec-
tron affinity smaller than that of the channel formation
semiconductor laver 3 and larger than those of the
spacer semiconductor laver 4. the electrode mounting
semiconductor layer 6. and the buffer semiconductor
laver 2 and 1s different from the channel formation
semiconductor laver 3 in field strength position where
the maximum value of an electron velocity 1s present,
and 1s doped with an n-type impurity at a high concen-
tration.

The foregoing 1s an arrangement of the first embodi-
ment of the heterojunction field-effect transistor ac-
cording to the present invention.

According to the heterojunction field-effect transis-
tor of the present invention having the above arrange-
ment, as indicated by a thin hine a in FIG. 2, a2 two-di-
mensional electron gas 13 is formed in a region of the
channel formation semiconductor layer 3, which 1s lo-
cated on the side of the electron supply semiconductor
layer 5, and an electron gas layer 13" is formed 1n a
region of the first electron transit channel formation

semiconductor layer 3, which is located on the side of

the second electron transit channel formation semicon-
ductor layer 21, because of the presence of the second
electron transit channel formation semiconductor layer
21. The electron concentrations in the eiectron gas
layers 13 and 13’ are controlled in accordance with a
control voltage applied to the gate electrode 8. In this
condition, as is the case with the conventional hetero-
junction field-effect transistor shown in FIG. 9, a cur-
rent corresponding to the control voltage applied to the
gate electrode 8 can be supplied to a load.

tn

10

20

25

Lt
thn

40

435

50

3

60

6

In the heterojunction field-effect transistor according
to the present invenuon shown in FIG. 1, however. as
indicated by the thin line a. the electron gas 13 1s formed
in the region of the first electron transit channel forma-
tion semiconductor laver 3. which is located on the side
of the electron supply semiconductor layer 3. since the
electron supply semiconductor layer 5 1s formed above
and adjacent to the first electron transit channel] forma-
tion semiconductor layer 3. and the other electron gas
13" 1s formed in the region of the first electron transit
channel formation semiconductor layer 3, which 1s lo-
cated on the side of the second electron transit channel
formation semiconductor layer 21, since the second
eleciron transit channel formation semiconductor layer
21 is formed below and adjacent to the first electron
transit channel formation semiconductor layer 3. There-
fore, an average electron concentration in the first elec-
tron transit channel formation semiconductor layer 3 of
the heterojunction field-effect transistor of the present
invention 1s twice or almost twice that in the conven-
tional heterojunction field-effect transistor described
above with reference to FIG. 9. As a result. since the
second electron transit channel formation semiconduc-
tor laver 21 also serves as an electron supply laver, the
current value to be supplied to the load can be increased
to be much larger than that in the conventional hetero-
junction field-efiect transistor of FIG. 9.

In the heterojunction field-effect transistor shown in
FI1G. 1, 1n each of the compound semiconductors con-
stituting the first and. second electron transit channel
formation semiconductor layers 3 and 21, the velocity
of electrons transiting in it has a field strength depen-
dency. as in the conventional heterojunction field-effect
transistor shown in FIG. 9. As shown in FIG. 3. the
electron velocities in the compound semiconductor
(Ing s:Gag47As 1in F1G. 1) constituting the first electron
transit channel formation semiconductor layer 3 and the
compound semiconductor (InP in FIG. 1) constituting
the second electron transit channel formation semicon-
ductor laver 21 have their maximum values at different
field strength positions. Therefore. in the electron tran-
sit channel formation semiconductor layers 3 and 21,
electrons transit at a high velocity in the electron transit
channel formation semiconductor layer 3 1in a portion of
a region below the gate electrode 8, which 1s Jocated on
the side of the source electrode 10 and in which the field
strength is low. On the other hand, in a portion of the
region below the gate electrode 8, which 1s located on
the side of the drain electrode 11 and in which the field
strength 1s high, in the electron transit channe! forma-
tion semiconductor layers 3 and 21, the kinetic energy
of electrons is high and the potential energy of the elec-
tron conduction band of the second electron transit
channel formation semiconductor layer 21 1s reduced to
be close to the Fermi level by the n-type impurity at a
high concentration, as indicated by a thick line b in
FIG. 2 (see FIG. 2). Therefore, the probability of pres-
ence of electrons in the second electron transit channel
formation semiconductor layer 21 is increased to facili-
tate movement of electrons from the first electron tran-
sit channel semiconductor layer 3. For this reason, the
average electron velocity in the region below the gate
electrode 8 can be increased compared with that in the
conventional heterojunction field-effect transistor
shown in FI1G. 9. Therefore, high-frequencyv character-
istics as a field-effect transistor better than those ob-
tained bv the conventional heterojunction field-effect
transistor of FIG. 9 can be obtamed.
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In the heterojunction field-effect transistor according
to the present invention, when the threshold voltage is
applied to the gate electrode 8 with respect to the
source electrode 10. a field strength E;in the Schottky
junction 9 1S given by E=2(-
Vpi—Vip)/d—Ni(di?+do+d)/(2de) where Nj is the
concentration of the n-type impurity in the second elec-
tron transit channel formation semiconductor layer 21,
djis the thickness of the second electron transit channel
formation semiconductor layer 21, d is the thickness of
the electron supply semiconductor layer 5, dp is the
thickness of the first electron transit channel formation
semiconductor layer 3. and Vy; is the built-in potential
present 1n the electron supply semiconductor laver 5,
the spacer semiconductor laver 4, and the first electron
transit channel formation semiconductor layer 3. As is
apparent from this equation, the field strength of the
Schottky junction 9 becomes lower than that in the
conventional heterojunction field-effect transistor de-
scribed above with reference to FIG. 9. Therefore, the
gate breakdown voltage can be increased compared
with that of the conventional heterojunction field-effect
transistor of FIG. 9. or d can be decreased without
reducing the gate breakdown voltage compared with
the conventional heterojunction field-effect transistor
of FIG. 9, thereby increasing the transconductance. As
a result, in the heterojunction field-effect transistor
according to the present invention, a design margin is
increased to improve the device characteristics com-
pared with the conventional heterojunction field-effect
transistor shown in FIG. 9.

The second embodiment of the heterojunction field-
effect transistor according to the present invention will
be described below with reference to FIG. 4. Note that
the same reference numerals as in FIG. 1 denote the

same parts in F1G. 4 and a detailed description thereof

will be omitted. The heterojunction field-effect transis-
tor according to the present invention shown 1n FI1G. 4
has the same arrangement as that of the heterojunction
field-effect transistor of the first embodiment described
above with reference to FI1G. 1 except for the following
pOInts. *

That 1s. a Schottky formation semiconductor layer 24
and an ohmic resistance reduction semiconductor laver
25 are formed between an electron supply semiconduc-
tor layer 3 and an electrode mounting semiconductor
layer 6 such that the Schottky formation semiconductor
layer 24 1s arranged on the side of the electron supply
semiconductor layer 5.

The Schottky formation semiconductor layer 24 has
the same arrangement as that of a spacer semiconductor
layer 4, 1.e., consists of a compound semiconductor such
as InAlAs having electron affinity smaller than that of a
first electron transit channel formation semiconductor
layer 3 and is intentionally not doped with either an n-
or p-type impurity or doped with either impurity at
only a sufficiently low concentration. The Schottky
formation semiconductor layer 24 has a thickness
smaller than the diffusion length of electrons in it.

The ohmic resistance reduction semiconductor layer
25 consists of a compound semiconductor having elec-
tron affinity smaller than that of the electron transit
channel formation semiconductor layer 3, e.g., the same
InAlAs as that of the Schottky formation semiconduc-
tor layer 24 and 1s doped with an n-type impurity at a
high concentration.

A window (this window, together with a window of
the electrode mounting semiconductor layer 6, will be
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referred to as the window 7 hereinafier). which commu-
nicates with the window 7 of the electrode mounting
semiconductor laver 6 and externally exposes the
Schottky formation semiconductor laver 24, is formed
in the ohmic resistance reduction semiconductor laver
23. A gale electrode 8 1s mounted on the Schottky for-
mation semiconductor laver 24, instead of the electron
supply semiconductor layer 5 in F1G. 1, so as to form a
Schottky junction 9.

The foregoing 1s an arrangement of the second em-
bodiment of the heterojunction field-effect transistor
according to the present invention.

According to the second embodiment of the hetero-

junction field-effect transistor according to the present

invention having the above arrangement, since the ar-
rangement 1S the same as that of the heterojunction
hield-effect transistor of the present invention described
above with reference to FIG. 1 except for the above-
mentioned points, the same functions and effects as
those of the heterojunction field-effect transistor ac-
cording to the present invention shown in FIG. 1 can be
obtained. In addition, the gate electrode 8 is not directly
mounted on the electron supply semiconductor layer 5
but mounted on the Schottky formation semiconductor
layer 24 which is formed on the electron supply semi-
conductor laver 5 and 1s intentionally not doped with
either an n- or p-type impurity or is doped with either
impurity at only a sufficiently low concentration.
Therefore, the Schottky junction 9 is formed better than
in the case of the heterojunction field-effect transistor
shown in FIG. 1. Consequently, characteristics better
than those of the heterojunction field-effect transistor of
FIG. 1 can be obtained.

The third embodiment of the heterojunction field-
effect transistor according to the present invention will
be described below with reference to FIG. 5. Note that
the same reference numerals as in FIG. 1 denote the
same parts in FI1G. § and a detailed description thereof
will be omitted. The heterojunction field-effect transis-
tor according to the present invention shown in FIG. 5
has the same arrangement as that of the heterojunction
field-effect transistor of the first embodiment shown in
FIG. 1 except for the following point.

In this embodiment, a second spacer semiconductor
layer 34 1s formed between first and second electron
transit channel formation semiconductor layers 3 and
21. The second spacer semiconductor layer 34 consists
of a compound semiconductor having electron affinity
smaller than that of the electron transit channel forma-
tion semiconductor layer 3 and larger than those of a
spacer semiconductor layer 4, an electron supply semi-
conductor layer §, and a buffer semiconductor layer 2,
and 1s intentionally not doped with either an n- or p-
type impurity or is doped with either impurity at only a
sufficiently low concentration.

The foregoing is an arrangement of the third embodi-
ment of the heterojunction field-effect transistor ac-
cording to the present invention.

The heterojunction field-effect transistor having the
above arrangement has the same arrangement as that of
the heterojunction field-effect transistor according to
the present invention described above with reference to
FIG. 1 except for the above-mentioned point, so that
the same functions and effects as the first embodiment
can be obtained. In addition, since the second spacer
semiconductor layer 34 is formed, electrons in the first
electron transit channel formation semiconductor laver
3 can effectively avoid Coulomb scattering from an
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n-tvpe impurity at a high concentration in the second
electron transit channel formation semiconductor laver
21. Therefore. the electron velocity in the electron
transit channel formation semiconductor laver 3 15 in-
creased to make 1t possible to improve high-frequency
characteristics compared with the heterojunction field-
effect transistor according to the first embodiment of
FIG. 1.

The fourth embodiment of the heterojunction field-
effect transistor according to the present invention will 10
be described below with reference to FI1G. 6. Note that
the same reference numerals as 1in FIG. 4 denote the
same parts in FIG. 6 and a detailed description thereof
will be omitied. The heterojunction field-effect transis-
tor shown in FIG. 6 has the same arrangement as that of 15
the heterojunction field-effect transistor of the second
embodiment shown in FI1G. 4 except for the following
point.

That is, similar to the heterojunction field-effect tran-
sistor according to the present invention as described
above with reference to FIG. 8. a second spacer semi-
conductor layer 34 is formed between first and second
electron transit channel formation semiconductor lavers
3 and 21. The second spacer semiconductor laver 34
consists of a compound semiconductor having electron
affinity smaller than that of the first electron transit
channel formation semiconductor laver 3 and larger
than those of a spacer semiconductor laver 4, an elec-
tron supply semiconductor layer 5, and a buffer semi-
conductor laver 2. and is intentionally not doped with
either an n- or p-type impurity or 1s doped with either
impurity at only a sufficiently low concentration.

The foregoing is an arrangement of the fourth em-
bodiment of the heterojunction field-effect transistor
according to the present Invention.

The heterojunction field-etfect transistor having the
above arrangement has the same arrangement as that of
the heterojunction field-effect transistor according 1o
the present invention described above with reference to
FIG. 4 except for the above-mentioned point. so that 40
the same functions and effects as the embodiment of
F1G. 4 can be obtained. In addition, since the second
spacer semiconductor laver 34 is formed. electrons 1n
the first electron transit channel formation semiconduc-
tor layer 3 can effectively avoid Coulomb scattering
from an n-type impurity at a high concentration in the
second electron transit channel formation semiconduc-
tor laver 21. as in the heterojunction field-effect transis-
tor described above with reference to FIG. 5. There-
fore, the electron velocity in the electron transit chan-
nel formation semiconductor laver 3 1s increased to
make it possible to improve high-frequency characteris-
tics compared with the heterojunction field-effect tran-
sistor according to the second embodiment of FIG. 4.

The fifth embodiment of the heterojunction field- 55
effect transistor according to the present invention will
be described below with reference to FIG. 7. Note that
the same reference numerals as in FIG. 1 denote the
same parts in FIG. 7 and a detailed description thereof
will be omitted. The heterojunction field-effect transis- 60
tor according to the present invention shown 1in FIG. 7
has the same arrangement as that of the heterojunction
field-effect transistor according to the present invention
shown in FIG. 1 except for the following point.

Referring to FIG. 7, in place of the second electron
transit channel formation semiconductor layer 21 hav-
ing an n-type impurity at a high concentration 1n the
heterojunction field-effect transistor of FIG. 1, the fol-
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lowing three lavers are formed between a buffer semi-
conductor laver 2 and an electron transit channel for-
mation semiconductor layer 3. That is. one of the three
lavers i1s a second electron transit channel formation
semiconductor layer 21 which consists of a compound
semmiconductor such as InP having electron affinity
smaller than that of the first electron transit channel
formation semiconductor laver 3 and larger that those
of a spacer semiconductor laver 4 and an electron sup-
ply semiconductor layer 5 and having the maximum
value of an electron velocity at a field strength position
different from that in the first electron transit channel
formation semiconductor laver 3, and 1s intentionally
not doped with either an n- or p-type impurity or is
doped with either impurity at only a sufficiently low
concentration. The second one of the three lavers i1s a
third spacer semiconductor layer 41 formed below the
second electron transit semiconductor layer 21. The
third spacer semiconductor layer 41 consists of a com-
pound semiconductor such as InAlAs having electron
affinity smaller than that of the second electron transit
channel formation semiconductor laver 21. and 1s inten-
tionally not doped with an n- or p-type impurity Or 1S
doped with either impurity at only a sufficiently low
concentration. The last one of the three layers is a sec-
ond electron supply semiconductor laver 31 formed
below the third spacer semiconductor layer 4. The sec-
ond electron supply semiconductor layer 51 consists of
a compound semiconductor such as InAlAs having
electron affinity smaller than that of the second electron
transit channel formation semiconductor laver 21, and 1s
doped with an n-type impurity at a high concentration.

The foregoing is an arrangement of the fifth embodi-
ment of the heterojunction field-effect transistor ac-
cording to the present invention.

Since the heterojunction field-effect transistor having
the above arrangement has the second electron supply
semiconductor layer 51. a two-dimensional electron gas
13’ 15 formed in the second electron transit channel
formation semiconductor laver 21 for the same reason
as a two-dimensional electron gas 13 1s formed in the
first electron transit channel formation semiconductor
laver 3, as shown in FIG. 8. In addition. the heterojunc-
tion field-effect transistor of this embodiment has the
same arrangement as that of the heterojunction field-
effect transistor according to the embodiment of shown
in FIG. 1, so that the same functions and effects as those
of the heterojunction field-effect transistor of FIG. 1
can be obtained. - |

Also in this heterojunction field-effect transistor hav-
ing the arrangement shown in FI1G. 7, since the second
electron semiconductor layer 31 has an n-type impurity
at a high concentration, the potential energy in the
electron conduction band of the second electron transit
channel formation semiconductor layer 21 1s reduced to
increase the probability at which electrons exist in the
second electron transit channel formation semiconduc-
tor layer 21. Therefore, the same eftect as that of the
heterojunction field-effect transistor of the first embodi-
ment shown in FIG. 1 can be obtained for the same
reason.

Note that the present invention is not himited to the
above embodiments. For example, the spacer semicon-
ductor layer 4 may be omitted from each arrangement
of the above embodiments, or the ohmic resistance
reduction semiconductor laver 25 may be omitted from
each arrangement of FIGS. 4 and 6. In addition, an
ohmic resistance reduction semiconductor laver or a
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Schottky formation semiconductor laver mav be
formed 1n the embodiment shown in FIG. 7. or the
spacer semiconductor layer 4 may be removed from the
arrangement of FIG. 1. Furthermore, various changes
and modifications can be made without departing from
the spirit of the present invention.

What 1s claimed 1s:

1. A heterojunction field-effect transistor comprising:

a first electron transit channel formation semiconduc-
tor layer formed on a substrate and consisting of a
compound semiconductor:

a first electron supply semiconductor layer formed on
said first electron transit channe] formation semi-
conductor layer and consisting of a compound
semiconductor;

a gate electrode, a source electrode, and a drain elec-
trode formed on said first electron supply semicon-
ductor layer; and

a second electron transit channel formation semicon-
ductor laver formed between said substrate and
said first electron transit channel formation semi-
conductor laver.

wherein said second electron transit channel forma-
tion semiconductor layer consists of a compound
semiconductor which has electron affinity smaller
than that of said first electron transit channel for-
mation semiconductor layer and larger than that of
said first electron supply semiconductor laver. and
1s different from said first electron transit channel
formation semiconductor layer in field strength
position where a maximum value of an electron
velocity 1s obtained, and is arranged such that an
energy level on a bottom of an electron conduction
band of said second electron transit channel forma-
tion semiconductor layer is substantially the same
as a Fermi level.

2. A transistor according to claim 1, wherein said
second electron transit channel formation semiconduc-
tor layer consists of a compound semiconductor doped
with an n-type impurity.

3. A transistor according to claim 2. further compris-
ing a spacer semiconductor layer formed between said
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first and second electron transit channel formation semi-
conductor lavers,

wherein said spacer semiconductor layer prevents

electrons transiting in said first electron transit
channel formation semiconductor laver from being
scattered by the impurity in said second electron
transit channel formation semiconductor laver.

4. A transistor according to claim 1. wherein said
second electron transit channel formation semiconduc-
tor layer consists of a nondoped compound semicon-
ductor.

5. A transistor according to claim 1, further compris-
ing a second electron supply semiconductor laver
formed between said second electron transit channel
formation semiconductor layver and said substrate and
consisting of an n-type impurity.

6. A transistor according to claim 5. wherein said
second electron transit channel formation semiconduc-
tor layer consists of a nondoped compound semicon-
ductor.

7. A transistor according to claim 5, further compris-
Ing a spacer semiconductor laver formed between said
second electron transit channel formation semiconduc-
tor laver and said second electron supply semiconduc-
tor laver,

wherein said spacer semiconductor layer prevents

electrons transiting in said second electron transit
channel formation semiconductor layer from being
scattered by the impurity in said second electron
supply semiconductor layer.

8. A transistor according to claim 1. further compris-
Ing a spacer semiconductor laver formed between said
first electron supply semiconductor laver and said first
electron transit channel formation semiconductor layer,

wherein said spacer semiconductor laver prevents

electrons transiting in said first electron transit
channel formation semiconductor laver from being
scattered by the impurity in said first electron sup-
ply semiconductor laver.

9. A transistor according to claim 1, further compris-
ing a buffer semiconductor layer formed between said
second electron transit channel formation semiconduc-

tor laver and said substrate.
¥ *x * ¥ %
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